I n various fields of medicine-from cranial prostheses for skull defect reconstruction 1,2 to titanium artificial jaw replacement 3, 4 to human earlobes 5 to dermal skin grafts 6 to tracheas 7 -3-dimensional (3D) printing has emerged as a clinically promising technology for rapid prototyping of graspable products. Recent advances in 3D printing have provided orthopedic surgeons with a new technology that has the potential to revolutionize preoperative planning, surgical instrument development, and custom orthopedic implant creation.
What is threeDimensional Printing?
For more than 3 decades, 3D printers have been used to build custom-made objects by using computer software to build physical items from data. During the past decade, technological developments have lowered the cost of 3D printers, such that their use has expanded into areas not traditionally associated with rapid prototyping, such as patient education, surgical training, and research. 8 
Image Acquisition
To begin the process of 3D printing, an image portraying the desired object must be collected. This image is then converted into a format that the 3D printer software can use to template the object. For medical applications, this raw image can be acquired from computed tomography or magnetic resonance imaging scans. Advancements in medical imaging have resulted in scan resolution that far surpasses 3D printer resolution. 
Image Processing
The radiological scan dataset (often in the Digital Imaging and Communications in Medicine [DICOM] file format) must then be converted into a file format recognized by the 3D printer. The DICOM file is uploaded into a program (eg, OsiriX) that allows for 3D reconstruction of the image. The file is exported in the file format (stereolithography [STL] ) that makes it readable to software (computer-aided design [CAD]) used to design the 3D objects. Defects or errors in the STL file can be corrected using readily available software (eg, MeshLab). The corrected STL file is then sent to the 3D printer. 
Three-Dimensional Printing
Three-dimensional printers use a variety of technolo-Abstract: Three-dimensional (3D) printing is emerging as a clinically promising technology for rapid prototyping of surgically implantable products. With this commercially available technology, computed tomography or magnetic resonance images can be used to create graspable objects from 3D reconstructed images. Models can enhance patients' understanding of their pathology and surgeon preoperative planning. Customized implants and casts can be made to match an individual's anatomy. This review outlines 3D printing, its current applications in orthopedics, and promising future directions. [Orthopedics. 2015; 38(11): 684-687.] n the cutting edge gies to "additively manufacture" or construct objects layer by layer ( Figure) . Industrial-grade printers use lasers to precisely sinter granular substrates (eg, metal or plastic powders). Directed, localized fusion of certain regions on a bed of granular substrates results in the construction of a cross-section of the desired object. After each layer of the structure is completed, the printer adds a new layer of unfused powder on top of the old one, and the subsequent round of sintering builds the next cross-section fused to the previous one. The advantages of these printers are high print speeds, the ability to easily recycle unfused powder, and the ability to use stronger materials with higher melting points (eg, titanium, which had been difficult to sculpt by standard subtractive methods). 10 The Table details  commonly used materials.   11 Lower-throughput, commercially available printers use extrusion to print solids. These printers force feedstock material (eg, melted plastics) through mobile heads that lay down beads as little as 0.1 mm thick. After deposition, these beads quickly solidify onto the previous layer of material, and in this manner, the printer builds the structure from the bottom up. Printing itself takes from a few hours to days. Costs vary substantially for these types of printers-ranging from less than $1000 to more than $100,000. 10 Threedimensional printers are becoming less expensive and more accessible.
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Modeling
Three-dimensional printing allows for anatomic model creation so surgeons can examine patient anatomy in a more concrete way compared with traditional 2-dimensional radiological images. 10 The insight provided by a 3D printed model may be helpful to both patients and surgeons. Epps 12 described how directly comparing normal anatomic models with custom printed models of complex deformities undergoing surgical correction can be used to deepen patients' insight into their condition as well as the surgical repair process. Bizzotto et al 9 showed that the preoperative analysis of 3D printed models of patient bone fractures, compared with analysis of 2D and 3D reconstruction on screens alone, resulted in surgeons and residents reporting a major improvement in understanding fracture patterns. The model was able to accurately display features such as dislocation of the articular surface and joint fragmentation. These elements aided in the surgical planning, such as screw measurement and plate positioning. 9 Additionally, intraoperative guidance with templates is possible with models printed with thermoplastics (eg, ULTEM 1010; Stratasys, Eden Prairie, Minnesota) that can be autoclavesterilized.
Implants
Custom-made 3D printed implants have been used to repair a range of bone structures; they have been used in pelvic, 13 femoral, 14 and tibial 15 hemiarthroplasty. Surgeons at the Mayo Clinic performed bilateral total hip arthroplasty using 3D printed implants for a patient with dwarfism, who was too small for conventional hip implants. 16 The surgeons printed a model of her hip to Chinese surgeons recently replaced a segment of cancerous cervical vertebrae in a 12-yearold patient with a 3D printed titanium implant. 17 The theoretical advantage of the 3D printed implant is that its shape matches the excised bone site, lowering the pressure placed onto the existing bone compared with a conventional implant. Additionally, the implant can be created with osteoconductive pores to facilitate natural bone growth incorporation.
18
Casts
A proof of concept for 3D printed casts has the potential to solve several problems posed by conventional plaster casts (eg, restricted access to the encased area, lack of breathability, heavy weight, and necessity to remain dry). Produced by a designer specializing in 3D printing, a new kind of 3D printed cast called the "cortex" has the potential to eliminate these problems. The cortex resembles a hardened mesh molded to encase the site of injury. If 3D printers become readily available to physicians, radiological scans could be used to quickly print customized, lightweight casts for patients on site to maximize immobilization of broken bones while minimizing inconvenience. 19 
Future Directions
As 3D printing technology advances and the cost of printing drops, the speed of printing increases, and the operation of printers becomes easier, the use of custom 3D printed models of patient bone may become standard in preoperative planning, surgical simulation, intraoperative guidance, and implant development.
Should 3D printer technology advance to the point that 3D printer use is widely accepted in a sterile hospital environment, one potential use of readily available 3D printers could be the on-demand manufacturing of customized surgical instruments that would otherwise be unavailable due to prohibitive costs or rare use.
Another possible application is in operations requiring reconstruction of large bone defects. A "negative" mold of the required implant would enable the surgeon to shape the implant to the proper dimensions for optimal fit even before the surgery is performed. Three-dimensional printed biologic and bone-like implants may be used to optimize restoration of original structure and function. 20 Three-dimensional printers also have the potential to rapidly increase the number of tools available to surgeons. With the aid of a designer, surgeons could modify mass-produced instruments to suit their particular needs and preferences. The availability of rapid prototyping may spur instrument innovation because surgeons can easily produce novel tools to satisfy unmet needs during an operation.
The largest impediment to the implementation of 3D printers in orthopedics is the cost associated with the time it takes for medical staff to operate the machinery-the building material itself is relatively inexpensive, and printer prices are continually dropping. Three-dimensional printer technology may advance to the point that even an untrained user could operate a 3D printer efficiently, or better yet, the entire process of printing from image acquisition to rapid prototyping may become automated. A solution to the labor costs of printing may be the outsourcing of medical 3D printing operations to a dedicated third-party company. That way, medical staff would not need 3D printing training, and economical advantages of scale could provide access to inexpensive, customized 3D printed products.
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